Major intermediates of anaerobic degradation of organic matter such as acetate, propionate, butyrate and H 2 serve as the most important electron donors for sulfate-reducing bacteria (SRB) in sulfate-containing anoxic environments [1 and references therein]. The most remarkable characteristic of the SRB belonging to the genus Desulfobulbus is their ability to oxidize propionate in the presence of sulfate to acetate and to ferment pyruvate and lactate to a mixture of acetate and propionate. This genus includes seven species with validly published names: Desulfobulbus propionicus [2] , Desulfobulbus elongatus [3] , Desulfobulbus rhabdoformis [4] , Desulfobulbus mediterraneus [5] , Desulfobulbus japonicus [6] , Desulfobulbus marinus, previously Desulfobulbus 3pr10 [7] , and Desulfobulbus alkaliphilus [8] .
Although the genus Desulfobulbus is regularly detected by cultural and/or molecular approaches in urban, industrial wastewater and mine drainage [9] [10] [11] [12] [13] [14] [15] [16] , only one species, Desulfobulbus elongatus, has been isolated and described from this kind of ecosystem [3] . In this study, we report on the isolation and characterization of a novel representative of the genus Desulfobulbus, strain Prop6 T , isolated from a municipal mesophilic anaerobic sewage sludge digester of the wastewater treatment plant in the city of Marrakech, Morocco.
Samples of sewage sludge were collected from a digester in February 2015, using 120 ml sterile serum bottles that were filled to displace air and stored at 4 C until use. Sewage sludge was transferred (10 %, v/v) into a basal medium (see below) supplemented with 20 mM propionate and 20 mM sulfate and then incubated for 4-5 weeks at 35 C. After several transfers, repeated agar serial dilutions were realized under the same conditions, and brown colonies, approximately 0.5-1 mm in diameter, were observed within 7-8 weeks of incubation in agar roll-tubes. Well-separated colonies were transferred from the highest dilutions (10 À5 ) to liquid medium of the same composition. The purity of the strain designated Prop6 T was checked routinely by phasecontrast microscopy and by performing growth tests in basal medium containing 1 % (w/v) glucose, 1 % (w/v) casamino acids, 1 % (w/v) peptone, 1 % (w/v) yeast extract and 1 % (w/v) biotrypticase. This pure strain, designated Prop6
T , was characterized in detail. The basal medium used consisted of (l À1 distilled water): 0. were autoclaved separately and added to the medium at room temperature. The medium was also supplemented with 1 ml of a filter sterilized (0.22 µm) vitamin solution [19] . The pH was adjusted to pH 7.3 with 10 M KOH (sterile and anoxic). Aliquots of 4.5 ml of medium were dispensed into Hungate tubes under a stream of N 2 /CO 2 , sealed with butyl rubber stoppers and subsequently autoclaved. For solid agar roll-tubes [20] , 2 % (w/v) agar (Difco) was added to the medium.
Cellular characteristics of strain Prop6
T (shape, size, mobility, sporulation, Gram staining) and flagella examination were observed by phase-contrast microscopy (Olympus BX 60) and transmission electron microscopy (HITACHI H7650; Electronic microscopy center of Bordeaux Imaging Centre, BIC, France) after negative staining (1 %, w/v, neutralized phosphotungstic acid), respectively. Cells of strain Prop6
T were motile by means of amphitrichous flagella (Fig. S1 , available in the online Supplementary Material) and oval rods (with rounded ends), approximately 0.9-1 µm in diameter and 1.6-2.2 µm in length, usually occurring either singly or in pairs. Cells were Gram-stain-negative, oxidase-positive and catalase-positive. These three tests were performed as described by Smibert and Krieg [21] using Escherichia coli CIP 54125, Pseudomonas aeruginosa CIP A22 and Enterococcus faecium CIP 5855 as references. Phase-contrast microscopy observations subsequent to heat shock did not reveal any spores [22] .
Phylogenetic analysis was carried out as follows: DNA was extracted from strain Prop6 T using the UltraClean Soil DNA Isolation kit (MoBio) according to the manufacturer's protocol. The 16S rRNA gene was amplified with the 8F-1489R set of primers according to the method of Dias et al. [23] , and purified amplicons were sequenced by Qiagen Genomic Services (Hilden, Germany). The 16S rRNA gene sequence was aligned with reference sequences from the NCBI database, and the pairwise evolutionary distances were computed according to the Jukes and Cantor method [24] using MEGA 6.06 software [25] . The 16S rRNA gene sequence analyses of strain Prop6 T (KU845305) revealed that the isolate belonged to the class Deltaproteobacteria and was related to representatives of the genus Desulfobulbus, belonging to the family Desulfobulbaceae (Fig. 1 T . These values are clearly below the threshold value of 70 % DNA-DNA relatedness for the definition of bacterial species by the ad hoc committee [28] , indicating that strain Prop6
T represents a novel species within the genus Desulfobulbus. The genomic DNA G+C content of strain Prop6
T , determined using the HPLC technique [29] , was 51.7 mol%, which is within the range reported for species of the genus Desulfobulbus (50.6-59.9 mol%). The only quinone found in strain Prop6
T was menaquinone MK-5(H2), which has previously been reported to be the predominant quinone in species of the genus Desulfobulbus (Table 1 ). The following fatty acids were found to be predominant (>1 %) in cells of strain Prop6
T grown on 20 mM lactate and 20 mM sulfate in basal medium at 35 C: C 14 : 0 (8.7 %), C 15 : 0 (2.2 %), C 16 : 0 (17.0 %), C 18 : 0 (1.2 %), C 16 : 1 !7 (7.2 %), C 16 : 1 !5 (9.9 %), C 17 : 1 !6 (9.0 %) and C 18 : 1 !7 (41.9 %). This fatty acid pattern is similar to those of the type strains Desulfobulbus elongatus DSM 2908 T (grown on 20 mM lactate and 20 mM sulfate in the same basal medium at 35 C in this study), Desulfobulbus propionicus DSM 2032 T and Desulfobulbus rhabdoformis DSM 8777 T (Table 2 ), but strain Prop6 T exhibited much highest percentages of C 16 : 0 and C 18 : 1 !7.
All physiological and metabolic tests were performed in triplicate at 35 C (except for temperature experiments). Unless otherwise indicated, positive growth was determined by monitoring changes in OD 600 using a spectrophotometer (Spectronic Instruments Spectronic 401). The dissolved sulfide that was produced was quantified photometrically as described by Cord-Ruwisch [30] . All results were compared with negative controls. Optimal growth conditions were determined in basal medium containing 10 mM lactate and 20 mM sulfate. Temperatures were tested from 12 to 60 C. The salinity requirement was tested from 0 to 40 g l À1 using 5 M NaCl and 0.2 M MgCl 2 . 6H 2 O solutions. The optimum growth temperature was estimated to be 35 C. No growth was observed at temperatures above 37 C or below 20 C. Strain Prop6 T grew within a pH range of 6.5 to 8.5, with optimum growth occurring at pH 7.6. When tested at various added salinity concentrations in basal medium, growth was observed from 0 to 15 g NaCl l
À1
, with optimum growth occurring at 2-5 g l
. The reduction of different terminal electron acceptors (TEAs) was performed in basal medium with 10 mM propionate supplied with sulfate (20 mM), sulfite (10 mM), thiosulfate (20 mM), elemental sulfur (2 %; w/v), nitrate (20 mM), nitrite (5 mM), fumarate (10 mM), dimethyl sulfoxide (10 mM) or iron(III) citrate (10 mM). Positive growth was only observed with sulfate, sulfite and thiosulfate associated with sulfide production.
Tests of growth by disproportionation of thiosulfate (20 mM), sulfite (10 mM) or sulfur (2 %, w/v) were performed in basal medium with 10 mM acetate as a carbon source [31] . The amounts of sulfate consumed and sulfide produced and changes in optical density at 600 nm compared with negative controls were used to determine positive growth. Thiosulfate and sulfite were also checked separately with 0.1 M I 2 solution in 10 % acetic acid, and sulfite was separated from thiosulfate using 35 % formaldehyde [32] . After the addition of BaCl 2 to acidified samples, sulfate was determined from the turbidity of vortexed BaSO 4 precipitations following the AFNOR NF T90-040 recommendations. Only sulfite (9.6 mM) was disproportionated to sulfate (6.5 mM) and sulfide (3 mM ); calculated using data from Thauer et al. [33] , as previously shown for Desulfovibrio sulfodismutans [31] and Desulfocapsa thiozymogenes [34] . These results suggest that Prop6 T could grow by inorganic fermentation as the mode of energy conservation and that the process was not a purely chemical disproportionation even though the final pH value measured (pH=8.6) in the medium was above pH 7 [35] . At this point, it is interesting to note that among the members of the genus Desulfobulbus, only Desulfobulbus propionicus DSM 2032
T [36] the first one acting as an electron donor and the second as an electron acceptor: alanine/glycine, alanine/aspartate, glycine/aspartate, glycine/serine, leucine/aspartate, leucine/glycine, valine/aspartate and valine/glycine. When necessary, lactate, pyruvate, propionate and acetate were analysed by HPLC using a Symmetry C18 reversed-phase column (4.66150 mm, ODS2, 5 mm particle size), with 0.005 M sulfuric acid as an eluent (elution rate of 0.6 ml min
) and at an operating temperature of 50 C. A UV detector (Knauer) set at 210 nm was used.
The isolate used a very limited number of carbon substrates (Table 1) , and vitamins or yeast extract were not required for growth after three consecutive transfers in medium lacking these compounds. Only propionate, lactate and pyruvate 
were used as electron donors and carbon sources with sulfate, sulfite or thiosulfate as TEAs. Good growth rates, of between 0.012 and 0.024 h
, were only obtained with propionate and lactate as electron donors and with sulfate, sulfite or thiosulfate as TEAs (Table S1 ). There was a weakly positive growth with pyruvate in the presence of the three TEAs (µ max about 0.07 h À1 ), and low levels of sulfide production were detected; it is unlikely that the growth of the isolate was influenced by the sulfide concentration in the medium, since about 11-16 mM sulfide could be produced with propionate without affecting the growth (Table S1 ). In contrast to strain Prop6 T , Desulfobulbus mediterraneus DSM 13871
T stopped growing when only 4 mM sulfide was produced in the medium [5] . Propionate and lactate were oxidized to acetate and carbon dioxide, whereas pyruvate was oxidized to acetate and propionate. When sulfate was replaced by sulfite (10 mM), which is the more energetically favourable electron acceptor, more sulfide was produced (Table S1 ). In the absence of TEA, pyruvate and lactate could be fermented to acetate and propionate.
Because several facultatively anaerobic, sulfide-oxidizing bacteria were also isolated from the same site as strain Prop6 T , the oxygen (air) tolerance capacity of this isolate was assessed using the method described by Chamkh et al. [37] . Strain Prop6
T cultured in basal medium containing 20 mM lactate in the absence of sulfate was inoculated (10 %, v/v) ; OD 600 =0.14; 10.6 mM sulfide) after a second transfer under the same conditions. From these preliminary tests, it can be assumed that the isolate was at least able to survive oxygen exposure. In order to investigate more fully whether oxygen served as a direct TEA by strain Prop6 T , we conducted the same experiments without the addition of sulfate under 10 µmol oxygen as TEA. While it can be assumed that strain Prop6
T was able to survive the oxygen exposure, the latter could not be used as a TEA by the isolate. In contrast to strain Prop6 T , Desulfobulbus mediterraneus DSM 13871
T showed an ability to grow in the presence of oxygen and could even respire it [5] .
Very few organic compounds (propionate, lactate and pyruvate) were used by strain Prop6
T on 94 different substrates (or substrate associations) tested as carbon sources and/or electron donors. The inability to grow on alcohol (ethanol and propanol) and under chemolithoheterotrophic conditions differentiated strain Prop6
T from the other species of the genus Desulfobulbus described, in particular Desulfobulbus elongatus DSM 2908
T and Desulfobulbus propionicus DSM 2032
T . The isolate exhibited good growth by inorganic fermentation. In contrast to Desulfobulbus elongatus DSM 2908 T and Desulfobulbus propionicus DSM 2032 T , which disproportionated sulfur to sulfide and sulfate, strain Prop6
T only disproportionated sulfite. It is interesting to note also that strain Prop6 T was motile by means of amphitrichous flagella whereas Desulfobulbus elongatus DSM 2908 T , as the closest relative among species with validly published names, uses a single polar flagellum as the mode of locomotion. Strain Prop6 T is proposed as the type strain of a novel species, Desulfobulbus oligotophicus sp. nov.
DESCRIPTION OF DESULFOBULBUS OLIGOTROPHICUS SP. NOV.
Desulfobulbus oligotrophicus (o.li.go.tro¢phi.cus. Gr. adj. oligos little; Gr. adj. trophikos nursing, tending; N.L. masc. adj. oligotrophicus utilizing only a few growth substrates in a mineral medium).
Cells are motile by means of amphitrichous flagella and lemon-shaped oval rods (with rounded ends). Individual cells are 0.9-1 µm wide and 1.6-2.2 µm long, occurring either singly or in pairs. Gram-stain-negative, oxidase-positive and catalase-positive. The dominant respiratory lipoquinone is MK-5(H2). The predominant cellular fatty acids are C 14 : 0 , C 15 : 0 , C 16 : 0 , C 18 : 0 , C 16 : 1 !7, C 16 : 1 !5, C 17 : 1 !6 and C 18 : 1 !7. Can use sulfate, sulfite and thiosulfate as terminal electron acceptors. It is strictly anaerobic, but exhibits some limited growth in the presence of sulfate under air (10 µmol oxygen) in basal medium containing propionate. Optimum growth occurs at 35 C, 2-5 g NaCl l À1 and pH 7.6. In basal medium containing acetate as a carbon source, sulfide and sulfate are formed by disproportionation of 
